Mechanical alloying method has been employed to prepare the Ba-Fe-As-P precursors, necessary for the Ba-(As,P) flux growth of the single crystalline BaFe 2 (As 1−x P x ) 2 . By alloying constituent elementals mechanically, the Ba-(As,P) precursors are successfully formed at the room temperature within one hour, significantly reducing preparation time. Using the mechanically alloyed precursors, we have grown single crystals of BaFe 2 (As 1−x P x ) 2 with the sizes up to 5 mm × 5 mm × 0.1 mm.
Introduction
Discovered in 2008 [1, 2] , iron-based superconductors have attracted a tremendous interest because of their high superconducting transition temperatures T c up to 55 K [3, 4, 5] . Phosphorus-doped BaFe 2 (As 1−x P x ) 2 is one of such iron-based superconductors with the maximum T c (onset) ≤ 31 K [6, 7, 8] .
The phosphorus ion is isovalent to the arsenic ion, and hence, the P-doping will not change charge-carrier concentrations. Instead, the P-doping is believed to introduce chemical pressure. In addition, the disorder induced by the Pdoping localizes to the (As,P)-site (chemical disorder), and hence less impurity mental materials with the molar ratio [15] Ba:Fe:As:P = 6:1:10(1-x nom ):10x nom were loaded in the stainless steel pot (30 mm diameter, 35 mm height) with eight 10 mm diameter stainless steel balls. x nom stands for the nominal ratio of P to As. Room temperature mechanical alloying was performed for an hour at the speed of 400 rpm using the planetary ball mill (Fritsch P-7). Resulting precursors were then loaded in an Al 2 O 3 crucible, sealed in a quartz tube with inert Ar gas of the pressure being 0.25 atm at the room temperature. The tube was heated up to 1423 K for 24 h, kept at the temperature for 3 h, and then slowly cooled down to 1173 K with the cooling rate of 1 K/h. The grown single crystals were mechanically removed from the flux. All the sample preparation procedures were performed in the glove box filled with the inert Ar gas with the oxygen concentration of about 1 ppm.
The microstructure and composition of the obtained single crystals were checked by the scanning electron microscope (SEM; Hitachi-S-4800) equipped with the energy dispersive x-ray (EDX) analyzer. The quality of the obtained crystals was checked by the four-circle x-ray diffractometer (MAC Science M18X) with the Mo Kα radiation. The magnetization of the resulting single crystals was measured using the commercial superconducting-quantuminterference-device magnetometer MPMS-XL (Quantum Design). Electrical resistivity was measured using the standard four-probe method with the excitation current I = 1 mA. reaction mostly completes in this period. For complete reaction, we performed the mechanical alloying for an hour for all the compositions. The mechanical alloying yielded black-colored fine powders. X-ray powder diffraction of the obtained powder samples (not shown) detected reflections from the BaFe 2 (As,P) 2 phase, in addition to several unidentified peaks. We could not see peaks from elemental P, As, Fe and Ba, and hence we can conclude that some pseudo-binary Ba-(As,P) or pseudo-ternary Ba-Fe-(As,P) precursors are formed, in addition to the target BaFe 2 (As,P) 2 compound.
Results and discussion
Next, we performed the flux growth using thus-obtained precursors. As a result, we have successfully grown thin-plate-shaped single crystals up to 5 mm × 5 mm × 0.1 mm. It may be noted that the temperature was increased directly to the highest temperature 1423 K, without having a low-temperature solid-state
reaction. An optical micrograph of the grown crystals for x nom = 0.015 is shown in Fig. 2(a) . Shiny facet can be seen in the micrograph, corresponding to the tetragonal ab plane of the TrCr 2 As 2 structure (space group I4/mmm) [19] .
The compositions of grown crystals were checked by the EDX analysis, and are summarized in Table 1 . The actual composition x act rapidly increases with increasing the nominal composition up to x nom 0.2. For x nom ≥ 0.2, x act shows weaker increase with dx nom /dx act 1. This is consistent with the previous report [15] , and suggests different crystal growth mechanisms for the two ranges of the composition, x nom < 0.2 and x nom > 0.2.
X-ray diffraction was measured along the 00l direction for the obtained crystals using the reflection geometry. A representative result for x act = 0.104 is shown in Fig. 2(b) . Sharp peaks were observed, obeying the reflection condition of I4/mmm. This confirms single crystal nature of the obtained crystal.
The lattice parameter c was estimated for selected x act by fitting the diffraction profile in a range 4 ≤ l ≤ 20. The resulting c is given in Table 1 .
The linear relation between c and x act was found, and was approximated as c = −0.57(3)x act + 13.02(2). This confirms the Vegard's law in this solid solution, being consistent with previous reports [6, 8] .
The electrical resistivity was measured for selected crystals. As a typical example, the result for x act = 0.104 is shown in Fig. 3 . A clear anomaly in the resistivity was observed at T N = 106 K. This corresponds to the antiferromagnetic transition, and T N is in a good agreement with the earlier reports [6, 15] .
The residual resistivity ratio (RRR) is approximately 2.6, estimated from the resistivity at 300 K and 3.25 K. This RRR value is comparable to the value for the as-grown x act = 0.13 crystal in the previous report (RRR 2.4) [15] . Magnetic susceptibility was measured down to 2 K under the external magnetic field H = 10 Oe applied perpendicular the c axis. The result for the x act = 0.331 crystal is shown in the inset of Fig. 3 . The superconducting transition was clearly observed at T c = 27.6 K (midpoint). The transition temperature is again in a good agreement with the earlier reports [6, 15] . The sharpness of the susceptibility drop confirms the compositional homogeneity of the grown crystal. From these results, we conclude that mostly the same quality single crystal can be grown using the precursors prepared by the mechanical alloying method. composition is the averaged value of five independent measurements of the same crystal surface, and its standard deviation is given in the parentheses. The lattice constant c is estimated from the x-ray diffraction experiment. Tc is determined from the magneic susceptibility drop (midpoint), whereas T N from the temperature of the inflection point in the resistivity.
Summary
In summary, we have used the mechanical alloying method to prepare the precursors for the flux growth of BaFe 2 (As 1−x P x ) 2 single crystals. The precursors were successfully obtained at the room temperature within an hour. Using the mechanically alloyed precursors, the single crystals were grown with the sizes up to 5 mm × 5 mm × 0.1 mm in the P concentration range 0 < x act < 1. The x-ray diffraction, magnetic susceptibility and electrical resistivity measurements show that the obtained crystals are of the same quality as the crystals obtained in the standard manner [15] .
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